Serotonin synthesis critically depends on plasma levels of tryptophan (TRP). Earlier studies have shown that for mood and cognitive benefits to occur, the ratio between TRP and other large neutral amino acids (LNAA) has to be increased by approximately 40 %. The present study investigated the dose-dependent effects of a TRP-rich hydrolysed protein (egg-protein hydrolysate, EPH) on the plasma TRP:LNAA. Moreover, it was investigated whether EPH could increase TRP:LNAA in the presence of 2 g of milk protein (MP). In a randomised doubleblind crossover design, plasma amino acids were measured every 30 min for 3·5 h after ingestion of a drink containing either three different doses of 4, 8 and 12 g EPH containing 270, 560 or 800 mg of TRP, respectively, the combination of 4 g EPH and 2 g MP (74 mg TRP), or 4 g MP (148 mg TRP) in twenty healthy subjects with a mean age of 52 years. All three EPH doses caused significant increases of TRP:LNAA above 40 % at 30, 60 and 90 min after consumption in a dose-dependent manner. Compared with the 4 g EPH, the increase in TRP:LNAA in the 4 g EPH with 2 g MP condition was significantly lower at 60 min (63 v. 44 %, P,0·001) and did not differ significantly at 90 min (58 v. 53 %, P.0·05). The present study showed that a low dose of 4 g EPH with even the addition of 2 g MP was sufficient to increase the ratio of TRP:LNAA above 40 %. Thus, EPH offers a viable ingredient to increase TRP availability.
Serotonin (5-hydroxytryptamine) has been implicated not only in the regulation of emotion, attention and memory but also in appetite and sleep (1 -3) . Synthesis of serotonin critically depends on the availability of its precursor essential amino acid tryptophan (TRP) in the brain. Increasing brain serotonin via dietary interventions such as TRP supplementation may therefore result in cognitive and mood benefits (4, 5) .
TRP enters the brain via the L-type amino acid transporter. However, TRP competes with other large neutral amino acids (LNAA; i.e. valine, tyrosine, phenylalanine, leucine and isoleucine) for the L-type amino acid transporter (6) . Therefore, an increase in the plasma ratio of TRP over LNAA (i.e. TRP:LNAA) will facilitate the entry of TRP into the brain, more than increasing TRP levels per se. Although there is little conclusive data on how much TRP:LNAA must be increased before observing changes in memory, attention, mood or other types of behaviour in healthy adults, generally the higher the increase in TRP:LNAA from the baseline, the more likely a report of a significant finding on a cognitive task. In a substantive review of TRP supplementation studies, Silber & Schmitt (1) observed that elevations of TRP:LNAA between 40 and 150 % above baseline were more likely to demonstrate changes in cognition such as attention, mood and memory. Increases in TRP:LNAA of 40 % above baseline are therefore thought to be minimally necessary to result in meaningful cognitive benefits (1,3,7 -11) . However, more TRP supplementation studies using a range of doses need to be conducted in order to ascertain how progressive rises in TRP:LNAA modulate cognition.
Since the TRP content of most proteins is low, ingesting protein usually does not lead to an increased ratio of TRP:LNAA, or increased serotonin synthesis in the brain; however, some proteins do have a high TRP content and a favourable TRP:LNAA ratio (12) . Indeed, the consumption of TRP-rich a-lactalbumin (ALAC), a whey-derived protein with a high TRP content, yielded promising behavioural effects with 50-130 % increases in plasma TRP:LNAA (2) .
Recently, Markus et al. (2) investigated the effect of a proprietary egg-protein hydrolysate (EPH) as an alternative to intact ALAC on the plasma TRP:LNAA. The TRP:LNAA ratio of this EPH is 0·2, higher than that of any commercially available protein. The authors compared the effect of EPH with ALAC, pure TRP, TRP-containing synthetic dipeptides and placebo. The effects of EPH on TRP:LNAA were superior to ALAC and pure TRP, while being comparable to the TRP-containing synthetic dipeptide, serine-TRP. Thus, EPH represents a promising ingredient to increase TRP:LNAA to ratios that have been shown to yield cognitively meaningful effects.
The main objective of the present study was to investigate the pharmacokinetics of TRP and the other LNAA after different doses of EPH on the plasma TRP:LNAA. A secondary objective was to examine the influence of concurrently ingested milk protein (MP) on the plasma TRP:LNAA after a low dose of EPH. Specifically, it was investigated to what extent the EPH-induced increase in the plasma TRP:LNAA ratio would be dampened by the lower ratio of MP.
Experimental methods

Subjects
Recruitment letters were sent to 2278 volunteers living in the area of Vlaardingen, The Netherlands, to invite them to attend information meetings. From the subjects who showed interest in taking part in the study, twenty subjects (fifteen females) from the general population were selected to participate in the study. Exclusion criteria for the present study were use of medication, dieting, reported intense sporting activities (.10 h/week), use of systemic antibiotics in the period of 3 months before the study, recent blood donation (i.e. 1 month (males) or 2 months (females) before the study), extensive weight change (^10 % during a period of 6 months before the study), Hb , 7·0 mmol/l (females) and Hb , 7·5 mmol/l (males), intolerance or allergy for one of the test products (e.g. egg white) or for the standardised meal, smoking, excessive alcohol consumption (i.e. .21 units/week (females) or .28 units/week (males)), night shift work during the study period, pregnancy, current or past metabolic diseases, chronic gastrointestinal disorders, cardiovascular or psychiatric disease. Subjects participating in the study had to have a BMI between 20 and 30 kg/m 2 . Since the doses of TRP were set at a particular amount and not adjusted according to individual weight, it was expedient to set a maximum and a minimum so as not to include clinically obese (BMI $ 30 kg/m 2 ) or very thin individuals in the study. Subjects were encouraged to minimise changes in lifestyle and composition of their habitual diet during the entire study period, and this was checked each measurement day by a questionnaire. In addition, the subjects were instructed to refrain from using food supplements enriched with TRP and also from food supplements claiming to affect TRP:LNAA (e.g. TRP itself, ALAC or 5-hydroxytryptophan) 1 week before intervention and throughout the entire study period.
The subjects provided signed informed consent and received a reward of e250 for participation. The study was approved by the standing medical ethical committee of the Wageningen University. The study was conducted according to the Declaration of Helsinki and the Medical Research Involving Human Subjects Act (WMO).
Design and dietary manipulation
The study had a balanced single-blind, randomised, crossover design. The subjects were divided into three cohorts with cohorts consisting of six or seven subjects. The subjects were allocated to treatment orders as defined by the Williams design (which consists of four Latin squares) to receive a drink containing one of the following five treatments:
Intervention 1: water with dissolved 12 g EPH (TRP: 800 mg) and no MP. Intervention 2: water with dissolved 8 g EPH (TRP: 533 mg) and no MP. Intervention 3: water with dissolved 4 g EPH (TRP: 267 mg) and 2 g MP (74 mg TRP). Intervention 4: water with dissolved 4 g EPH (TRP: 267 mg) and no MP. Intervention 5: water with no dissolved EPH (TRP: 0 mg) and 4 g MP (148 mg TRP).
For a full listing of each drink's ingredient components, please refer to Table 1 . EPH is a partially purified lysozyme from egg-white, which has been partially hydrolysed into peptides via enzyme digestion. Production and clinical applications of EPH have previously been reported (2) . EPH was produced by DSM Food Specialties, Delft, The Netherlands. MP refers to skimmed milk powder (SMP; purchased from Friesland Food, Meppel, The Netherlands), where 80 % of the solid weight is protein, consisting primarily of casein and whey proteins. The following ingredients were used for normalising flavour and texture: sucrose (Danisco, Leiden, The Netherlands), maltodextrin (Avebe, Each cohort contained a full Latin square and was augmented by one or two randomly selected treatment orders from the remaining Latin square. The total duration of the study was 5 weeks, and each subject was studied 1 d/week for each treatment.
Procedure
The subjects were encouraged to minimise changes in lifestyle and composition of their habitual diet during the entire study period. They were instructed not to exercise more or less than what they were used to doing. The subjects who exercised intensively (more than 10 h/1 week) were not included in the study. Furthermore, the subjects were requested to consume the provided frozen meal and snacks the evening before the test day and to repeat the time and amount every test day to ensure the same protein and carbohydrate levels, and that everything is metabolised during the baseline measurements. They were not allowed to consume anything 8 h before the first baseline measurement. However, they were allowed to drink water and also during the test days and repeat this every time. Additionally, they were instructed to refrain from using food supplements enriched with TRP and also from food supplements claiming to affect TRP:LNAA ratios (e.g. TRP itself, ALAC or 5-hydroxyindoleacetic acid, a serotonin metabolite) 1 week before intervention and throughout the entire study period. Additionally at the 150 min time point, a fruit snack was provided and checked by a dietitian to ensure that they repeated the amount and type of fruit every test day.
The time schedule for an intervention day is presented in Table 2 . On the test day, a baseline blood sample was taken on arrival between 07.00 and 08.00 hours. The subjects filled out a health and lifestyle questionnaire, which was used in order to monitor the physical health of subjects and major deviations of diet and activities. Next, the subjects received the 350 ml drink (see Table 1 for the nutritional composition), which they were required to finish within 10 min. Research assistants who administered the drinks were blinded to the five treatments.
Seven blood samples were taken every 30 min for a period of 3·5 h to assess TRP and LNAA concentrations in the plasma. After the sixth blood collection, the subjects consumed an apple, orange or banana. The subjects' choice from session 1 was repeated during all test days.
Biochemical analyses
Two samples from each of the five drinks were analysed via HPLC for total TRP content using a method adapted from Delgado-Andrade et al. (14) . Alkaline hydrolysis was used to prepare the samples, which were run on a degassed mobile phase of acetonitrile-water (25:75; v/v) containing 0·1 % of trifluoroacetic acid. TRP was detected at 280 and 240 nm for excitation and emission wavelengths, respectively, using an Agilent 1100 system with fluorescence. All drinks were within the expected range of calculated TRP levels as compared with total protein content.
Blood samples were collected in duplicate in 10 ml vacutainer tubes containing sodium heparin and centrifuged at 3000 g for 10 min at 48C. After centrifugation, 4 mg sulfosalicylic acid were added per 100 ml of the resulting supernatants, which was directly stored at 2 808C until processed. Plasma amino acid analysis was conducted with HPLC via a 2-3 mm Bischof Spherisorb ODS II column. The plasma TRP ratio was calculated by dividing the plasma TRP concentration by the sum of the other LNAA, i.e. valine, isoleucine, leucine, tyrosine and phenylalanine. All amino acid ratios are presented as molar weight ratios.
Statistical analysis
Changes in TRP:LNAA were the primary outcome measure of interest in the present study with LNAA being defined as the sum of tyrosine, phenylalanine, leucine, isoleucine and valine. Statistical analysis has been performed using the Statistical Analysis Systems statistical software package (version 9.1; SAS Institute, Cary, NC, USA).
All the hypotheses were tested using a mixed-model ANCOVA using subjects as the random effect and all other effects as fixed. This analysis is equivalent to a repeated-measures analysis, but takes into account that the subjects are a random selection of the population. The within-subject variability is used as the error term for The subjects consumed the randomised test drink within 10 min 30
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The dose -response relationship analysis used only the interventions without MP, i.e. containing 4, 8 or 12 g Pep2Balance. The regression-type analysis used the three doses of TRP, LNAA and their ratio as the independent variable and the measured blood concentration of TRP, LNAA and their ratio as the response variable. Also, covariates are used in this analysis, i.e. baseline concentration, sex, age and weight. Only the covariates that had a significant contribution were kept in the final model. The analysis resulted in an intercept and slope for each time point. The statistical analysis focuses on the latter and tests whether a linear or quadratic dose -response curve is appropriate. In the Results section the intercepts and slopes are given for TRP, LNAA and their ratio for time points 30, 60 and 90 min, together with the probability of the intercept or slope being zero. If the probability for the slope is less than 0·05, then the linear dose -response is statistically significant.
Results
Of the twenty subjects recruited for the study, nineteen completed all the five sessions; during the blind review, one subject was excluded from the statistical analysis. Their mean age was 52·1 (SE 10·6) years. The subjects either had a normal BMI or were overweight, with a mean BMI of 24·1 (SE 2·27) kg/m 2 . No major changes in dietary habit exercise and lifestyle were reported by any of the subjects over the different phases of the study according to the analysis of the weekly questionnaires.
The mean body weight did not differ significantly between the condition the values being 72·06 (SE 8·86), 71·87 (SE 8·78), 72·05 (SE 8·65), 72·10 (SE 8·83) and 71·97 (SE 9·30) kg for the measurement preceding the administration of 4 g EPH þ2 g SMP, 4 g EPH, 4 g SMP, 12 g EPH and 8 g EPH, respectively, (F(4,16) ¼ 0·70, P. 0·05). The mean, baseline-corrected values for all amino acids analysed are presented in Table 3 . Plotting of LNAA for all doses (Fig. 1(a) ) demonstrated a collective peak, which was steeper and faster than TRP ( Fig. 1(b) ). For example, at the 12 g EPH dose, TRP levels did not peak until 60 min, while LNAA peaked at the 30 min time point. Mean TRP:LNAA for all treatments at all measurement points are shown in Fig. 2 . The analysis of TRP:LNAA against baseline indicated a significant main effect of the treatment at all time points (30 min: F(4,59) ¼ 190·19, P, 0·001; 60 min: F(4,59) ¼ 245·05, P, 0·001; 90 min: F(4,59) ¼ 249·62, P, 0·001; 120 min: F(4,59) ¼ 209·83, P, 0·001; 180 min: F(4,59) ¼ 115·48, P,0·001; 210 min: F(4,59) ¼ 121·32, P,0·001), indicating that the treatments affected TRP:LNAA.
The follow-up analyses indicated that all EPH doses (4, 8, 12 and 4 þ 2 g SMP) caused significant increases of TRP:LNAA at all time points as compared with the reference drink containing 4 g SMP (all t(58) . 5·97, all P, 0·001). All four treatments exceeded the threshold of at least 50 % increase in TRP:LNAA at 90 min and all EPHonly treatments also exceeded this threshold at 60 min. Compared with the 4 g EPH treatment, the addition of 2 g SMP resulted in slight but significantly lower TRP:LNAA 30 and 60 min (30 min: t(58) ¼ 4·62, P, 0·001; 60 min: t(58) ¼ 4·15, P, 0·001), but not 90 min after administration (t(58) ¼ 1·11, P. 0·05).
Next, we investigated the dose -response relationship between TRP:LNAA and EPH by means of the regression analyses. This approach found a linear dose -response relationship for EPH at 120 and 150 min (120 min: B ¼ 0·009, SE ¼ 0·003, t(39) ¼ 2·69, P, 0·05; 150 min: B ¼ 0·010, SE ¼ 0·003, t(39) ¼ 3·39, P, 0·05), with trends towards a linear relationship at 60 and 90 min (60 min:
Discussion
The main findings of the present study can be summarised as follows. First, even low doses of EPH were sufficient to result in a peak increase of 40 % or more with respect to the baseline TRP:LNAA. Previous research has suggested that substantial increases are necessary to achieve cognitive or mood effects from TRP supplementation (1, 3, 8, 11, 14, 15) . Second, it was demonstrated that small amounts of SMP (i.e. 2 g) only slightly compromise the increases in TRP:LNAA from moderate doses of EPH. Thus, EPH appears to be relatively resistant to these effects. However, due to size constraints of the study, we did not test several doses of MP on a full dose range of EPH, nor were we able to assess how other types of protein interacted with EPH.
Previous studies have examined the TRP:LNAA produced by high-TRP food such as lactalbumin (3, 8, 14, 15) . Yet these studies have typically used only one dose of lactalbumin and did not rigorously control for the effects of other types of protein present in the experiment and placebo treatments. However, this rigorousness of study design also makes it difficult to apply the present results to circumstances of a possible real-life use of EPH. The study was conducted under dietary restrictions (i.e. subjects were fasted and were not allowed to consume any food or drinks, except water and a piece of fruit) in order to optimise the study outcomes. This limits the applicability of the findings, and it is uncertain whether the effects of EPH on TRP:LNAA will remain similar under uncontrolled circumstances. Yet, Caballero et al. (16) demonstrated that eating a regular meal should only exert a negligible influence on the effect of TRP supplementation 2 h after meal consumption on the increase in TRP:LNAA. Specifically, healthy lean and obese people received a 1673·6 kJ (400 kcal) lunch with 15 % protein (15 g). After 2 h, they received a 30 g sucrose snack along with 0, 250, 500 or 1000 mg of TRP. These authors reported an approximately 100 % rise in TRP:LNAA as the result of ingestion of 250 mg of TRP, which is highly comparable with our EPH 4 g condition. Thus, one would expect that the present findings should readily generalise to more use in daily life.
Given the hydrolysate nature of EPH, there was a possibility that the dipeptides and tripeptides would cause TRP and other amino acids to cross through the gastrointestinal wall at a faster rate than whole proteins. However, this does not appear to be the case, since amino acids from the 4 g SMP were detected in the bloodstream at the same time as amino acids from 4 g EPH. However, it may be possible with smaller time intervals of blood collection to discern a difference in rates. We were also interested in knowing whether the absorption and excretion rates of high-dose v. low-dose TRP would have different pharmacokinetic profiles; however, the dose -response of the EPH on TRP blood levels was found to be linear. Thus, it appears that the body does not employ alternative sequestration or metabolism routes, which alters the rate of disappearance from the blood with oral doses of TRP below 800 mg.
In summary, the present study showed that all doses of EPH were sufficient to increase the plasma TRP:LNAA ratio by 40 % or more in a dose-dependent manner. It is unknown what levels of TRP:LNAA are needed for beneficial changes in mood and cognition. Moreover, it is likely that some individuals with particular personality and genetic traits will require higher or lower TRP:LNAA increases in order to elicit behavioural changes. However, EPH may be useful for further investigation of the link between plasma TRP:LNAA and cognition, given its powerful effects even at moderate doses. Although the addition of 2 g SMP to 4 g EPH lowered the TRP:LNAA ratio slightly at 30 and 60 min as compared with 4 g EPH only, the increase in the TRP:LNAA ratio was still comparable with that of the 4 g of EPH without SMP treatment at other points in time. Thus, the present study has given important clues to the plasma kinetics of the TRP:LNAA after ingestion of EPH. It is worthy of note that Markus et al. (2) provided evidence for beneficial mood effects of EPH. Yet future studies are needed to investigate cognitive benefits associated with EPH supplementation.
